The main objective of the current study is to clarify the influence of ion beam waveform and to investigate the momentum producing capability of flyer acceleration for propulsion applications, which is produced by irradiating target materials with pulsed ion beam. Al thin foil with a thickness of 50 µm was used to form the high-pressure, high-temperature, and high-energy density ablation plasma when it interacts with pulsed ion beam. The analytical procedures are based on one-dimensional hydrodynamic equations together with a real gas equation of state. This paper presents not only the physical parameters of pulsed ion beam interaction with a target, but also shows the effects of ion beam waveform on momentum production. In addition, we describe the mechanism of ablation pressure formation and compare the results obtained for the rectangular and the parabolic waveform of ion beam irradiation. An ion beam with parabolic waveform produces ablation pressure more efficiently than a rectangular waveform. Propulsion performance is also estimated. An impulse bit of 50.7 mNs and a specific impulse of 5200 s are obtained at an electric power consumption of 1677 W.
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Introduction
Ion beams have been used for various applications, particularly in material sciences, such as evaporation, ion implementation, and ion sputtering depending on voltage and current. For example, a several megavolt intense pulsed ion beam produces a high-temperature and highdensity ablation plasma through fusion, vaporization, and ionization by the ion energy deposition that penetrates into the solid material. The ion beams are able to form ablation plasmas efficiently because absorption and beam generation is better than that of lasers. Using these characteristics, we have reported tests into another possible application of flyer acceleration using the reaction and expansion of ion beam ablation plasma [1] [2] [3] [4] [5] [6] . The studies showed a high momentum coupling coefficient and high specific impulse productivity. At this university, both numerical simulation and experimental research has been conducted. We reported that a flyer velocity of 7.7 km/s is achieved by irradiating an intense pulsed ion beam energy density of 2 kJ/cm 2 with Al foil thickness of 50 µm 1, 2) . We also developed a numerical tool for the analysis of flyer acceleration which is produced by pulsed ion beam ablation 3, 4, 6) . In this paper, the numerical procedures are based on the ion beam-solid material interaction concept. The one-dimensional hydrodynamic equations together with the equation of state of a real gas are used. First, the results obtained for physical involved variables are presented. Then, the momentum producing mechanism and the effects of ion beam waveform are investigated. Lastly, the propulsion performances are evaluated in comparison with experimental results.
Numerical Simulation
The basic concept of flyer acceleration by ablation plasma produced by irradiation of intense pulsed ion beam is shown as in Fig. 1 . As we irradiate a solid propellant with an ion beam, the incident ion beam penetrates the propellant to a certain depth, the so-called "range", and deposits its energy in a thin layer. The deposited energy is so high that part of the range is evaporated, ionized instantaneously, and ultimately forms high-pressure and high temperature ablation plasma. The so-called stopping power S, which consists of the coulomb collisions with bound electrons, ions, and free electrons, is also taken into account 7) . The residual part of the target is highly accelerated by the reaction of this ablation plasma expansion. We use a one-dimensional fluid model in order to simulate the dynamics of the target and the ablation plasma while incident ion beams interact with the target 5, 6) . Different parts of the target are in solid, liquid, gaseous, and also plasma form, which is treated as a compressible fluid without any charge effects. This approximation is acceptable because the ratio of the Debye length to the electron mean free path is much less than 1 for an electron density of about 10 23 cm -3 and the electron temperature is several tens of eV (10 6 K). Moreover, the ionization process can be expressed by Saha's equation because the ablation plasma is considered to be a local thermal equilibrium under the extremely high pressure 8) .Therefore, the basic hydrodynamic equations [3] [4] [5] employed are:
where L f and L v are the heat of a fusion and vapor, respectively. In addition to the above basic equations, a real gas equation of state interpolated by the SESAME database is used 9) . As the ablation plasma is produced instantaneously, the phase changed effects and electromagnetic effects are ignored 3, 4, 10) . All the above equations are solved by a difference method in the Lagrange scheme [3] [4] [5] [6] . The boundary conditions are described as following: where 0 is an initial mesh of the calculation (the edge of the target), and MAX denotes the maximum mesh. The above-mentioned conditions are set as the free expansion of the ablation plasma. In a gas expansion process, a gradient of pressure and a gradient of density are significant. Therefore the initial mesh and the maximum mesh of both pressure and density are set to be zero. The initial relative velocity is zero, while the initial temperature is taken as 300 K. The total meshes used in this calculation are 1000. A maximum time of calculation is 150 ns. The physical parameters used in the simulation are listed in Table 1 and are based on the experimental conditions of the pulse power generator "ETIGO II" installed at the Extreme Energy-Density Research Institute, Nagaoka University of Technology, Japan [10] [11] [12] . Table 1 . Simulation parameters.
Results and Discussion
According to the experiment, the voltage and current of the ion beam diode are time dependent waveforms. There are oscillations and a phase lag between the voltage and the current 2, 3) . In this study, the ion beam waveform used in numerical analysis is regarded as an ideal rectangular waveform or parabolic waveform as shown in Fig. 2. The acceleration voltage and current of the ion beam are constant while irradiating ion beam with the rectangular waveform. The ion beam energy penetrates the target to a depth of about 9 µm and most of the energy is observed closest to the maximum depth of about 9 µm. The area exposed to the ion beam turns into plasma to a depth of 9 µm and the plasma expands in the early stage of the ion beam irradiation. As the plasma expands and scatters, it changes to a high density state, and absorbs a lot of the ion beam energy. In contrast to the parabolic waveform, the rectangular waveform of ion beam irradiation produces high-pressure at the flyer surface of approximately 20 ns but beyond 20 ns, irradiation increases the temperature not the pressure of the plasma. which the flyer front (the point where ablation plasma starts forming) observed. In the case of rectangular waveform ion beam irradiation, the ablation pressure seems to rise at the beginning of irradiation, and then fall suddenly. This is because an ion beam current is constant. Subsequently, ablation pressure increases once again by approximately 15 ns, because of the propagation of the shock wave that returns to the flyer surface. Ablation pressure produced by parabolic waveform ion beam irradiation keeps pushing and accelerating the flyer for a longer time than that produced by the rectangular waveform. The momentum production mechanism of ion beam-solid propellant interaction is estimated using the ablation pressure produced at the surface of the flyer. If we integrate the ablation pressure at the flyer surface P ab with irradiation time, it gives a total momentum per one pulse. In this paper, it is called impulse bit I bit and is defined as . As one can see, flyer velocity and ablation pressure tend to increase as the ion beam energy density increases. The numerical values for the parabolic waveform are closer to the experimental results than those of the rectangular waveform. From these results, we can say that the waveform of ion beam irradiation is significant and needs to be considered in numerical models in order to obtain more accurate calculations. In addition, the paper presents an evaluation of momentumproducing capability for propulsion applications. Propulsion performance is indicated by means of the impulse bit, specific impulse and the momentum-coupling coefficient. The specific impulse I sp is defined as the value of impulse bit I bit over the product of the mass of ablation plasma m ab and an earth gravitational acceleration constant G, and is expressed as 
Characteristics of ion beam ablation

Momentum-producing mechanism
The momentum coupling coefficient C m is the ratio of the impulse bit I bit to the ion beam energy E (per unit area) and is defined as
Given an initial solid propellant thickness of 50 µm irradiated with an ion beam energy density of 4300 J/cm 2 at pulse duration of 60 ns, an impulse bit of 0.13 Ns/cm 2 is produced and is obtained as shown in Fig. 7 . If the ion is calculated, the specific impulse achieves the maximum value of 5200 s. Moreover, we investigated propulsion performance over a wide range of ion beam energy densities. When the ion beam energy density increases, the impulse bit and specific impulse seem to increase gradually due to the flyer velocity and the exhaust velocity of the ablation plasma becoming faster. On the other hand, the momentum coupling coefficient tends to decrease as ion beam energy density increases. This is because most of the ion beam energy is spent in the ionization process, not in ablation pressure production. According to the experimental data, a total impulse bit of 50.3 mNs is obtained when an ion beam irradiation area of 0.39 cm 2 is calculated. If we irradiate the solid propellant (Al thin foil) with an ion beam with an energy density of 4300 J/cm 2 once a second, an electrical power consumption of 1677 W (4300 J/cm 2 ×1 Hz×0.39 cm 2 ) with an impulse bit of 50.3 mNs, is obtained.
Based on the above results, we note that our propulsion technique with the ion beam ablation can produce a highimpulse bit with a large momentum-coupling coefficient, and a high specific impulse productivity. However, many factors still need to be clarified and studied in order to propose a practical propulsion system using ion beam ablation acceleration.
Conclusion
The current study shows the effects of ion beam waveform on ablation acceleration and on momentum production mechanism in comparison with the experimental results. A parabolic waveform shows not only higher flyer velocity but also more ablation plasma pressure which results in greater momentum production than that obtained by a rectangular waveform. Ion beam waveform is a significant factor and needs to be taken into account to increase the accuracy of numerical calculations. In addition, momentum producing capability was also estimated. An impulse bit of 50.3 mNs and a specific impulse of 5200 s were obtained. The electric power consumption of 1677 W was calculated for propulsion applications. Exp.
